Changes in the aerosol number concentration are reflected by changes in raindrop size and number concentration that ultimately affect the strength of cold pools via evaporation. Therefore, aerosol perturbations can potentially alter the balance between cold pool-induced and low-level wind shear-induced circulations. In the present work, simulations with increased aerosol loadings below approximately 3 km, between approximately 3 and 10 km, and at all vertical levels are performed to specifically address both the overall sensitivity of a squall line to the vertical distribution of aerosols and the extent to which low-level aerosols can affect the convective strength of the system. The results suggest that low-level aerosol perturbations have a negligible effect on the overall storm strength even though they act to enhance low-level latent heating rates. A tracer analysis shows that the low-level aerosols are either predominantly detrained at or below the freezing level or are rapidly lifted to the top of the troposphere or the lower stratosphere within the strongest convective cores. Moreover, it is shown that midlevel aerosol perturbations have nearly the same effect as perturbing the entire domain, increasing the convective updraft mass flux by more than 10%. These changes in strength are driven by a complex chain of events caused by smaller supercooled droplets, larger graupel, and larger raindrops. Combined, these changes tend to reduce the low-level bulk evaporation rate, thus weakening the cold pool and enhancing updraft strength. The results presented herein suggest that midlevel aerosol perturbations may exhibit a much larger effect on squall lines, at least in the context of this idealized framework.
Introduction
The sensitivity of deep convective clouds to anthropogenic aerosol perturbations has received considerable attention over the last decade (e.g., Khain et al. 2004; Wang 2005; Grabowski 2006; Teller and Levin 2006; Van den Heever et al. 2006; Tao et al. 2007 ; Lee et al. 2008a; Rosenfeld et al. 2008; Fan et al. 2009; Khain and Lynn 2009; Koren et al. 2010b; Noppel et al. 2010; Ekman et al. 2011; Seifert et al. 2012; Storer and van den Heever 2013; Seigel et al. 2013; Lebo and Morrison 2014) . The fundamental connection between hygroscopic aerosols and cloud droplets provides the foundation for changes in ambient aerosol number concentrations to alter bulk cloud properties and potentially have substantial effects on cloud dynamics.
Owing to the existence of a large mixed-phase region in which various hydrometeor species interact simultaneously, deep convective clouds are inherently complex. Therefore, understanding the potential indirect effects of aerosols on the structure and strength of these systems is challenging. However, recent advances in computational efficiency and numerical algorithms that explicitly treat the aerosol-cloud particle system have produced new insights into potential pathways for an increase in aerosol loading to alter deep convective cloud updraft strength and structure.
Recent investigations into the sensitivity of deep convective clouds to increased aerosol loading have provided mixed results. Several modeling (e.g., Tao et al. 2007; Fan et al. 2009; Lebo and Seinfeld 2011; Lebo et al. 2012 ) and observational (e.g., Andreae et al. 2004; Koren et al. 2008 Koren et al. , 2010a Yuan et al. 2011; Heiblum et al. 2012 ) studies have reported that polluted conditions tend to be associated with stronger deep convection and/ or increased precipitation, while other modeling (e.g., Khain and Lynn 2009; Seigel et al. 2013) and observational (e.g., Rosenfeld and Woodley 2000) studies have found little sensitivity, or even a reduction in convective strength and/or precipitation. However, most previous studies have used a variety of metrics (e.g., mean convective mass flux, domain-averaged cumulative precipitation, and maximum updraft velocity) to determine the sensitivity of deep convective clouds to aerosol perturbations; therefore, it is often challenging to directly compare the findings of these studies. Convective invigoration (or the increase in updraft strength due to an increase in aerosol loading) has often been explained via increased latent heating rates in polluted conditions. Latent heating rates are thought to increase as a result of suppressed collision-coalescence below the freezing level in polluted conditions that leads to additional liquid water being lofted above the freezing level, which enhances freezing and ice microphysical processes (e.g., Rosenfeld et al. 2008) . However, more recent work has suggested that the latent heating effects may be minor in comparison to the effects on the cold pool intensity and depth, especially with regard to squall lines (e.g., Khain et al. 2005 ; Van den Heever and Cotton 2007; Tao et al. 2007 ; Lee et al. 2008a,b; Storer et al. 2010; Seigel et al. 2013; Lebo and Morrison 2014) . Several observational (e.g., Berg et al. 2008; May et al. 2011 ) and modeling (e.g., Storer et al. 2010; Storer and van den Heever 2013; Lebo and Morrison 2014 ) studies have demonstrated that increased aerosol loading leads to larger raindrops via an increase in supercooled liquid water and a subsequent increase in riming; these larger rimed particles ultimately melt and produce larger raindrops. The larger drops tend to reduce bulk lowlevel evaporative cooling, which produces a less negatively buoyant cold pool and ultimately a weaker cold pool. In a weak wind shear environment (where the ratio of the cold pool intensity c to the change in the linenormal wind over the depth of the low-level shear layer Du is greater than 1), the weakened cold pool allows the system to become more optimal [i.e., more upright with stronger updrafts in the context of Rotunno-KlempWeisman (RKW) theory; Rotunno et al. (1988) ]. The combined effect of a weakened cold pool and enhanced convective updrafts has also been shown to lead to a substantial increase in precipitation in numerically simulated idealized squall lines (e.g., Lebo and Morrison 2014) .
Furthermore, several studies have demonstrated that aerosol-induced effects may be a function of the environmental conditions. For example, both Fan et al. (2009) and Lebo and Morrison (2014) showed that the strength of the low-level environmental shear is crucial in determining the sign and magnitude of aerosolinduced changes in convective updraft strength. Furthermore, Khain et al. (2008) demonstrated that the sign of the precipitation response to an aerosol perturbation is largely dependent on the ambient relative humidity, while Storer et al. (2010) suggested that the aerosol effect may be dependent on the convective available potential energy (CAPE). However, it is important to frame the aerosol-induced responses in the context of changes in the environmental conditions; even small changes in the environment are likely to overwhelm any changes in convection that are attributable to changes in the aerosol number concentration.
An important assumption in many previous studies (e.g., Fan et al. 2009; Khain and Lynn 2009; Lebo et al. 2012 ) is that the increase in aerosol loading is distributed throughout the model domain (both horizontally and vertically). However, only a few studies have examined the effects of low-level (e.g., Van den Heever et al. 2006; Lee 2011 ) and mid-to upper-level (e.g., Fridlind et al. 2004 ) aerosol perturbations on numerically simulated deep convective clouds. The vertical homogeneity of the aerosol perturbation is an important assumption given that the basis of many previous results regarding latent heating effects are founded in the idea that a low-level aerosol source/perturbation is ingested into the cloud at or just above the cloud base, which suppresses collisioncoalescence and permits the now smaller droplets to be more readily lofted above the freezing level. One may then presume that perturbing only the aerosol number concentration below the freezing level should have the same effect as perturbing the entire vertical domain (at least qualitatively). A potential shortcoming of this theoretical framework lies in the fact that convective cores, especially within squall lines, can be quite strong with updraft velocities often exceeding 10 m s 21 (e.g., Jorgensen and LeMone 1989; Xu and Randall 2001) , which suggests that only the largest raindrops with terminal fall speeds up to 10 m s 21 (e.g., Foote and Du Toit 1969; Beard 1976 ) are capable of falling relative to the rapidly rising air within the convective cores. Qualitatively, small changes in the raindrop sizes within a core will likely have a small effect on the net fall speed of the particles given the strength of the updraft cores and vertical transport of hydrometeors in the convective cores; therefore, only small effects on the system-wide latent heating rates above the freezing level may be expected because of increased low-level aerosol loadings. This point has also been made by Yuter et al. (2013) . In this study, the sensitivity of aerosol effects on deep convective clouds (in the context of a numerically simulated squall line) to the vertical distribution of aerosols is systematically analyzed. Two important and fundamental questions are addressed in this study. 1) Do low-level aerosol perturbations lead to increased supercooled liquid water aloft, enhanced latent heating, and a subsequent ''invigoration'' effect within an idealized squall line in a weak shear environment? 2) How sensitive are deep convective clouds to the vertical distribution of aerosols? The results are presented in the context of both enhanced latent heating and RKW theory for an idealized squall line. Before presenting the results, a brief outline of the numerical model is provided in section 2. The results are discussed in section 3, and the primary conclusions of this work and a discussion on the potential implications of this work are described in section 4.
Model description and analysis procedure a. Numerical model
The two-moment bulk microphysics model of Morrison et al. (2009) , which is coupled to the Weather Research and Forecasting (WRF) Model, version 3.3.1 (Skamarock et al. 2008) , and includes an explicit representation of aerosol effects on clouds following Lebo et al. (2012) , is used in this study. The dynamical framework is analogous to that used in Lebo and Morrison (2014) . The domain is 124 km 3 714 km in the line-parallel and line-normal directions, respectively, with a horizontal grid spacing of 1 km. The vertical dimension comprises 80 levels with a grid spacing of approximately 250 m. A time step of 2.5 s is used, and the simulations are performed for 8 h (the first 4 h correspond to a spinup period, whereas the latter 4 h are analyzed in section 3). The model boundaries are open in the line-normal direction and periodic in the lineparallel direction. Advection of scalars is calculated using fifth-and third-order monotonic advection schemes in the horizontal and vertical, respectively.
Convection is triggered in the model following Ziegler et al. (2010) and Lebo and Morrison (2014) . The vertical velocity (w) field is directly forced over the first hour of the simulations. The forcing is applied within a half cylinder with radii of 10 km in the x direction and 2.5 km in the z direction. The maximum acceleration is assumed to be 0.5 m s 22 and is located at the center of the half cylinder. The w forcing is uniform in the line-parallel dimension. Moreover, the w forcing decays radially from the center according to a cosine function of the radius. Random thermal perturbations (amplitude of 0.1 K) are applied to the initial sounding within a region that is 40 km wide in the x direction and centered on the w forcing region; the random perturbation region is 4 km deep.
Because the simulations are specifically designed to be idealized, the effects of radiation, surface fluxes, and Coriolis acceleration are neglected in the present study. Radiation and surface fluxes are important factors that contribute to both the stability of the atmosphere and cold pool recovery. The former is particularly important regarding the vertical positioning of the aerosols in the atmosphere because this will affect the vertical stratification of solar radiation absorption and thus change the prestorm environmental sounding, which is the semidirect effect (Hansen et al. 1997) . It is inherently challenging to discern indirect aerosol effects from direct effects and feedbacks on the environmental sounding. Therefore, to limit the degrees of freedom and focus on the indirect aerosol effects, these factors (i.e., the semidirect and direct effects) are neglected in the present study. Determining how the aerosol effects act as a function of solar radiation absorption and surface flux magnitude is beyond the scope of this study.
WRF is initialized with a modified sounding (Fig. 1 ) from the observationally based squall-line case study of the Eighth International Cloud Modeling Workshop held in July 2012 in Warsaw, Poland (Muhlbauer et al. 2013 Morrison et al. (2012) .
To specifically analyze the sensitivity of squall lines to the vertical distribution of aerosols, a set of four simulations is performed. In the first simulation, the aerosol number concentration represents clean background conditions (clean scenario, 100 cm 23 ). In the next two simulations, aerosols are increased by a factor of 10 (to 1000 cm 23 ) below approximately 3 km (polluted low scenario) and between approximately 3 and 10 km (polluted mid scenario); the aerosols elsewhere remain at their background (or clean) concentrations. For reference, the freezing level is located at approximately 4.5 km (on average). Furthermore, a simulation, which is performed in a manner analogous to those performed in many previous studies, includes an aerosol perturbation everywhere in the domain (polluted scenario, 1000 cm 23 ). Lebo and Morrison (2014, their Fig. 12) showed that in relatively weak low-level wind shear environments, the response in both convective updraft strength and cumulative precipitation to an aerosol perturbation was qualitatively the same for an aerosol perturbation from 100 to 200, 500, 1000, or 2000 cm 23 using a similar initial sounding and model configuration (i.e., an increased convective mass flux was found for all aerosol perturbations in a weak-shear environment), thus warranting the choice of a single polluted aerosol number concentration in this study. Moreover, for comparative purposes, the aerosol number concentrations used here roughly correspond to an aerosol optical thickness at 500 nm (AOT 500 ) of 0.051 and 0.225 for 100 and 1000 cm
23
, respectively [see Figs. 1 and 2 in Andreae (2009) ]. The additional aerosols are evenly distributed according to the distribution parameters (i.e., each bin receives 10 times more particles in the polluted regions of the domain). The aerosols are assumed to be horizontally homogeneous in all scenarios and vertically homogeneous in the clean and polluted scenarios. In the polluted low and polluted mid scenarios, the aerosols are vertically homogeneous within each of the clean and polluted regions of the domain. Moreover, the added aerosols are assumed to act only as cloud condensation nuclei (i.e., the ice nuclei concentration remains constant in all scenarios). For all scenarios, the aerosols are assumed to be ammonium sulfate (for the purpose of including the aerosol density and ionic dissociation) and lognormally distributed with a geometric mean diameter of 0.1 mm and spectral width of 1.8 (Lebo et al. 2012 ). Aerosol activation is considered following Köhler theory and assuming that the aerosol particles are completely soluble. Moreover, aerosol regeneration is predicted whereby a single aerosol particle is produced following the complete evaporation of one cloud droplet (Mitra et al. 1992) .
Furthermore, passive tracers, initialized to 1 kg kg 21 , are added after 4 h below approximately 3 km and between approximately 3 and 10 km to explicitly analyze mixing in and around the squall line during the mature phase of the squall lines. The tracers are assumed to be horizontally homogeneous. A detailed discussion and analysis of the tracers is provided in section 3c.
b. RKW theory
Provided that the majority of the results presented below are based on RKW theory (Rotunno et al. 1988 ), a brief overview of the theory and its potential relationship to aerosol effects is warranted. The physical basis of RKW theory as it applies to squall lines lies in the balance between cyclonic vorticity that is generated by the cold pool and anticyclonic vorticity generated by low-level environmental wind shear. Numerically, this relationship or ratio is defined as c/Du, where Du is the change in the line-normal wind between the surface and the top of the shear layer and c can be represented as follows (e.g., Rotunno et al. 1988 ):
where H is the top of the cold pool and B L corresponds to the buoyancy at some point L behind the leading edge of the cold pool. The leading edge of the cold pool is defined by the location at which the 0.005 m s 22 buoyancy isosurface intersects the surface (Tompkins 2001) . Equation (1) is derived for an idealized hydrostatic density current (c is the density current propagation speed) and thus, in more realistic three-dimensional nonhydrostatic simulations, a precise determination of L is rather challenging. Following RKW theory and Markowski and Richardson (2010) , L corresponds to the point behind the leading edge of the cold pool at which the zonal flow relative to the leading edge of the cold pool is stationary; the pressure within the cold pool at L should be nearly hydrostatic. For this study, L is chosen to be a fixed point 30 km behind the leading edge of the cold pool. Moreover, a characteristic value of c is determined following Lebo and Morrison (2014) in which c is computed for all horizontal points within 10 km of L in the zonal direction (line normal) and then averaged across this zonal band and in the meridional direction (line parallel). The results are qualitatively insensitive to the chosen L as long as L is not within 10-15 km of the leading edge of the cold pool where large nonhydrostatic effects occur. Moreover, L is a function of the meridional position; that is, L varies in the line-parallel direction according to the precise location of the cold pool leading edge for a given zonal transect. Furthermore, H is determined by the level of neutral buoyancy at L. Equation (1) provides insight into the connection between aerosol perturbations, cold pool intensity, and ultimately squall-line strength and structure. Increased aerosol loading (which tends to increase the droplet number concentration and potentially alter the number concentrations of other hydrometeors) leads to changes in both hydrometer mass mixing ratios and latent heating rates (discussed in section 3). Changes in the mass and/or number mixing ratios can have a substantial effect on the hydrometeor sizes. Generally, the magnitude of B L decreases with added aerosol; therefore, both c and the ratio c/Du also decrease [because B L is negative in the cold pool, decreasing the magnitude of B L acts to decrease c; Eq. (1)]. If we assume that c/Du . 1 for a given low-level environmental shear scenario and clean background aerosol loadings, then c/Du / 1 as the aerosol loading increases (for a fixed Du). This would suggest more upright and stronger updrafts. This hypothetical pathway will be discussed in more detail below. For the purpose of this analysis, Du is set to 12 m s 21 (over the lowest 5 km), representing relatively weak low-level wind shear for the chosen sounding and corresponding to an environmental framework that has been shown to be largely sensitive to aerosol perturbations (e.g., Fan et al. 2009; Lebo and Morrison 2014) . This choice of Du produces a well-defined trailing stratiform (TS) linear mesoscale convective system (shown later). According to Parker and Johnson (2000) , this squall-line type is the most common; the idealized line-parallel shear profile used herein correspond qualitatively well to their depiction of an average TS system. Regardless, it is important to keep in mind that changes in Du are likely to have a larger effect on squall-line structure and strength than changes in aerosol loading. Fan et al. (2009) and Lebo and Morrison (2014) provide good overviews of aerosol effects for various shear environments.
Results

a. Convective strength
The sensitivity of the cold pool intensity to elevated aerosol loadings is shown in Fig. 2 . As shown in Lebo and Morrison (2014) and corroborated here, we see a clear decrease in c/Du for an increase in aerosol loading (black vs green curves in Fig. 2) . However, the additional simulations with aerosol loading constrained to low (below approximately 3 km) and mid-(between approximately 3 and 10 km) levels provide our first evidence of the important role of low-versus midlevel aerosol pollution in this idealized framework. Figure 2 shows that when the increased aerosol loading is only present at low levels (blue), little to no change in c/Du is predicted relative to the clean case (with even a slight increase between 4 and 6 h). However, when the increased aerosol loading occurs in the midlevels (red), the change in c/Du is nearly the same as that for polluting the entire domain (green). As shown in Lebo and Morrison (2014) and according to RKW theory, a reduction in c/Du should correspond to more upright, stronger updrafts. This finding is shown here in terms of the mean convective mass flux profile (MF z ) and the change in MF z relative to the clean scenario (Fig. 3) . The mean convective mass flux profiles are computed from The scenarios depicted include clean (black), polluted low (blue), polluted mid (red), and polluted (green).
the product of w and air density r for all locations in which w $ 2 m s 21 . The product is added across each horizontal cross section and divided by the total number of grid points meeting this criterion. A lower threshold value for w was also analyzed (i.e., 1 m s 21 ); little to no sensitivity in the quantitative (regarding the relative changes due to the aerosols perturbations) and qualitative results was found. Comparing Figs. 2 and 3 , we see a clear correspondence between decreased c/Du and increased mean convective mass flux for the polluted mid and polluted scenarios in this study. This result suggests that low-level aerosol perturbations may have a very small effect on the cold pool intensity and, consequently, storm strength, especially in the context of the idealized squall line simulated in a relatively high-CAPE environment in this study. The simulations suggest that the reason for the enhanced convection in the polluted mid and polluted scenarios is related to changes in not only cloud water but also the ice and graupel mass mixing ratios and sizes. Figure 4 depicts vertical profiles of the mass mixing ratios q k (where the subscript k represents the hydrometeor type-c for cloud, i for ice, and g for graupel) and the change in the mean radius Dr k for the same hydrometeor classes, assuming that all ice species are treated as spheres in these simulations. The bulk snow characteristics are not shown because the aerosol perturbations have nearly no effect on either the size or number of snow crystals. Moreover, the domain-averaged rainwater characteristics are also not shown here because they largely depend on the analysis region (i.e., averaging over the updrafts, the trailing stratiform region, or the entire domain).
Figures 4a and 4d show that for an increase in aerosol loading throughout the vertical (green), the cloud water mixing ratio tends to increase while the droplet sizes decrease, respectively. Moreover, Fig. 4a directly affects the cloud water primarily within the vertical extent of the perturbation; the changes in cloud water (both mass and size) do extend beyond the perturbation region by approximately 1 km in the polluted low and polluted mid scenarios. Moreover, unless the mixed-phase processes are enhanced, the aerosol perturbation appears to affect predominately the cloud water characteristics (i.e., polluted low case). In other FIG. 4 . Vertical profiles of horizontally averaged domain-wide (a)-(c) hydrometeor mixing ratios q k (where k corresponds to the hydrometeor type-''c'' for cloud, ''i'' for ice, and ''g'' for graupel) and (d)-(f) relative change in spherical-equivalent mean-volume radius Dr k . Profiles are shown for (a),(d) cloud; (b),(e) cloud ice; and (c),(f) graupel. For q k , profiles for all simulations [i.e., clean (black), polluted low (blue), polluted mid (red), and polluted (green)] are shown. For Dr k , because the relative change is portrayed, only results from the sensitivity simulations are shown. The green and blue lines are dashed only to better depict very small differences that would otherwise be masked by two lines falling directly on top of each other. A threshold of 1 3 10 210 kg kg 21 was used to conditionally average the mass mixing ratios. The results are insensitive to the chosen threshold.
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words, the effect of a low-level aerosol perturbation results in a nearly localized effect on the cloud water mixing ratio via reduced autoconversion and accretion; small (;5%) changes in q i and r i are also found. However, in the case of midlevel pollution, the effects on the cloud water mixing ratios and droplet sizes largely alter the mixed-phase processes, which extend the effects to other hydrometeor categories in a manner analogous to polluting the entire column (red and green). Specifically, the amount of supercooled liquid increases, which enhances riming and produces larger graupel that ultimately leads to larger and less numerous raindrops (Fig. 5) .
To better illustrate the aerosol-induced effects on the rain in the trailing stratiform region, Fig. 5 shows the relative change in q r , N r , and r r (the subscript r corresponds to rain) behind the leading edge of the cold pool [for simplicity, this region is defined as a band between 20 and 200 km behind the leading edge of the cold pool and encompasses the region used to calculate c in Eq. (1)]. For the polluted and polluted mid cases, q r increases by up to 15% below 2 km; a somewhat larger increase is predicted in the polluted low case. Moreover, Fig. 5b shows that N r decreases by 40%-80% in the polluted and polluted mid scenarios, while an increase is actually found for the polluted low scenario. These changes combine to produce an increase in the mean raindrop size by 6%-15% for the polluted mid and polluted cases; a smaller decrease in the mean raindrop size (5%-10%) is found in the presence of a low-level aerosol perturbation. Because diffusional growth of droplets is proportional to the droplet radius (Pruppacher and Klett 1997) , these changes (especially those shown in Figs. 5b and 5c) suggest that the bulk evaporation rate should be reduced in the polluted and polluted mid cases. This decrease in the evaporation rate is reflected in the mean latent cooling rate behind the leading edge of the cold pool that is shown in Fig. 6 . In fact, Fig. 6a suggests that the latent cooling rate decreases throughout most of the vertical for the polluted and polluted mid cases and that there are small changes to the latent cooling rate when only the lowlevel aerosol number concentration is perturbed. However, the decreased latent cooling rate (in the polluted mid and polluted cases) is partially offset by the added hydrometeor mass within the cold pool (Fig. 5) . The combined effect of changes in latent heating, hydrometeor loading, and the water vapor mixing ratio in the cold pool on the buoyancy is shown in Figs. 6b and 6c ; the magnitude of the buoyancy decreases (i.e., the cold pool becomes less negatively buoyant) by 10%-20% below 3 km in the polluted and polluted mid cases. This corresponds well with the reduction in c/Du shown in Fig. 2 . Moreover, for the polluted low case, Figs. 6b and 6c demonstrate that the overall effect of the aerosol-induced changes on the cold pool is to slightly increase the magnitude of the buoyancy, which again is nicely reflected in the changes in c/Du that are shown in Fig. 2 .
To further demonstrate that the majority of the enhancement in the convective strength is related to changes in the mixed-phase region that ultimately affect the cold pool (via enhanced graupel formation and subsequently larger and less numerous melted raindrops) and not changes in latent heating rates as would be expected following the traditional convective invigoration arguments (e.g., Rosenfeld et al. 2008; Storer et al. 2010; Lebo et al. 2012) , profiles of latent heating rates (averaged horizontally over the entire domain and temporally over the last 4 h) are shown in Fig. 7 ; each panel compares the respective aerosol perturbation case to the clean scenario. We see that in the polluted and polluted low scenarios (the two simulations in which the aerosols are added to the lower levels), the magnitudes of both the warming (red) and cooling (blue) rates increase below approximately 4 km. However, the relative change in warming largely offsets the change in cooling; hence, little effect on the net heating rate (black) is observed in the presence of a low-level aerosol perturbation. Moreover, the domain-averaged net latent heating rate is positive due to condensation along the leading edge of the cold pool that largely outweighs the cooling due to evaporation within the cold pool except directly above the surface.
Furthermore, when the aerosols are only added to the midlevels (i.e., polluted mid scenario), the changes in latent heating rates are negligible throughout most of the vertical (Fig. 7b) . In fact, this should be expected given that the water vapor mixing decreases very rapidly with height. Therefore, small changes in the vertical velocity that are induced by aerosol perturbations will have only small effects on the ambient supersaturation and thus the vapor deposition and latent heating rates. Moreover, the lack of a response in the latent heating profiles for the polluted mid scenario suggests that the convective enhancement shown in Fig. 3 must arise from a different mechanism (i.e., the feedbacks on the bulk microphysical properties in the cold pool and the cold pool intensity that were shown and discussed earlier in this subsection).
The results presented herein regarding the aerosolinduced effect on the cold pool intensity have also been demonstrated in previous studies (e.g., Khain et al. 2005 ; Van den Heever and Cotton 2007; Tao et al. 2007; Lee et al. 2008b,a; Storer et al. 2010; Seigel et al. 2013; Lebo and Morrison 2014) . However, the current work suggests that these aerosol-induced effects on the cold pool intensity may be due to midlevel aerosol perturbations, at least in the idealized high-CAPE case presented here. Moreover, other studies (e.g., Seigel and van den Heever 2013) have suggested that changes in the bulk microphysical properties of squall lines can have a more pronounced effect on the convective strength via a hydrometeor recirculation mechanism near the melting level. With that said, a direct comparison with these results is particularly challenging because of large differences in the cold pool structure in both Seigel and van den Heever (2013) and the present work. Furthermore, the connection between a weaker cold pool and stronger updrafts opposes arguments made in a few previous studies (e.g., Tao et al. 2007; Lee et al. 2008a ). Tao et al. (2007) showed that an aerosolinduced stronger cold pool caused more precipitation, while Lee et al. (2008a) demonstrated that increased aerosol loading increased the cold pool strength and subsequently increased low-level convergence. These differences may be related to the use of two-dimensional (2D) models in the previous studies compared with the three-dimensional (3D) model used in this study.
b. Precipitation
The changes in convective strength and the bulk hydrometeor characteristics that were discussed in section 3a could have an effect on the surface precipitation. It might be expected that the increased latent heating rates in the polluted and polluted low cases would lead to similar changes in the cumulative precipitation. However, Fig. 8 suggests that this is not the case. In fact, the polluted and polluted mid cases exhibit similar trends in the domain-averaged cumulative precipitation. The increased precipitation in these two cases arises from the less-numerous larger raindrops behind the leading edge of the cold pool (Fig. 5) that fall faster and evaporate less readily (in a bulk sense, Fig. 6 ), which ultimately increases the precipitation rate and the domain-averaged cumulative precipitation (Fig. 8) . The smaller increase in the domain-averaged cumulative precipitation for the polluted low scenario arises from a combination of increased rainwater mass and smaller drops (Fig. 5 ).
c. Tracer analysis
As discussed in section 2, tracers are added to the domain after 4 h to investigate the transport and mixing of air in and around the simulated squall line to help elucidate causes of the findings presented in sections 3a and 3b. The most important tracers for this analysis are the low-and midlevel tracers, which are located below approximately 3 km and between approximately 3 and FIG. 7. Vertical profiles of temporally and horizontally averaged latent heating rates. The heating rates are separated into warming (red), cooling (blue), and net (black). The clean scenario is used as the reference state (solid) in all panels. The dashed curves correspond to the (a) polluted low, (b) polluted mid, and (c) polluted aerosol scenarios. The averaging is performed over the last 4 h of the simulations. 10 km, respectively. Figure 9 shows the line-averaged ratio of low-to midlevel tracer mixing ratios (%) for the clean scenario, where warm (cool) colors correspond to regions dominated by the low-level (midlevel) tracer [note that as one tracer's mixing ratio approaches the predefined threshold (i.e., 1 3 10 21 kg kg
21
) the tracer ratio approaches zero or infinity; hence, very large and very small values are attributable to the absence of one of the tracers]. The low-level tracer clearly dominates at low levels and at the top of the anvil, while the midlevel tracer is dominant in the midtroposphere and lower extent of the anvil. This suggests that, on average, the midlevel tracer is not transported far from its original location in the atmosphere when the cloud-free midlevel air interacts with the updrafts and downdrafts in the squall line. However, this finding does not suggest that the midlevel air is not entrained in the convective cores. Instead, Fig. 9 simply suggests that a majority of the air within the cores had to have originated from lower levels. Furthermore, the low-level tracer is either quickly detrained from the updraft cores (not all convective plumes reach the level of free convection) or is ejected into the upper troposphere and lower stratosphere. . Note that as one of the tracer mixing ratios approaches the chosen threshold, the ratio approaches either zero or infinity; these very small and very large values are due to the absence of one of the tracers at a particular location.
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L E B O Some of the low-level tracer is detrained in the midtroposphere; however, the amount is small in comparison to the ambient midlevel tracer due to the small number of convective cores present in the line at any given time. Figure 10a presents a scatterplot of q t 1 with respect to w to demonstrate the relationship between the low-level tracer and the convective core strengths. Here, we see that the highest q t 1 values generally occur in conjunction with high w, confirming that the large low-level tracer mixing ratios tend to occur within the strongest updraft cores that are less readily detrained in the midlevels, and that results in strong vertical transport to the upper troposphere and lower stratosphere. However, there are relatively few points in which w is large (i.e., there are few very strong updraft cores). Moreover, Fig. 10 suggests that for moderate w (i.e., 5-10 m s
21
), q t 1 and q t 2 are smaller but of equal magnitude, suggesting that the ratio of the tracers is approximately 1 in these areas (i.e., the effects of detrainment/ entrainment become more substantial as the strength of the convective core decreases or along the perimeter of the convective core, as expected).
To tie the previous findings back to the aerosol perturbation, the tracer analysis suggests that the low-level aerosols could have little to no effect on the midlevel microphysics, and thus, especially in the case of this idealized squall line, little to no effect on the strength of the entire system because the low-level tracers are most prominent at the top of the anvil and at low levels; only a moderate amount of the low-level tracer is detrained at the midlevels. The midlevel tracer q t 2 is predominant in the midlevels, especially in regions with weaker updrafts (i.e., ,10 m s 21 ) (Figs. 9 and 10b). These weaker updrafts tend to transport the tracer over much shorter vertical distances than the low-level tracer (i.e., the lower anvil and the eastern and western extents tend to be dominated by the midlevel tracer). Therefore, the midlevel aerosols have a more pronounced effect on the mixed-phase bulk microphysical properties than lowlevel aerosols. However, a potential caveat to this analysis is that the tracers are massless and hydrometeors are not. Therefore, it should be expected that the hydrometeors will follow different trajectories than the tracers in the presence of a nonzero horizontal wind. However, given the strength of the updrafts compared to the terminal fall speeds of the hydrometeors, the difference is thought to be small within the regions of strongest convection.
d. Potential sensitivity to grid resolution
While the horizontal grid spacing employed in this study is fairly typical for most contemporary mesoscale modeling studies that have investigated aerosol effects, the simulations are far from turbulent-eddy resolving. Reducing the horizontal grid spacing typically acts to reduce the width of the convective cores and increases the convective strength (e.g., Bryan and Morrison 2012) . Standard entrainment theory then would suggest that these smaller convective cores should detrain more cloudy air and entrain more environmental air (e.g., Simpson 1971) . However, the increased core strength may suppress this effect by decreasing the in-core residence time of parcels that originate at low levels and that are transported upward through the troposphere. FIG. 10 . Scatterplot of (a) the low-level tracer mixing ratio q t1 and (b) the midlevel tracer mixing ratio q t2 with respect to w between 4 and 9 km (approximately the extent of the mixed-phase region). Every one hundredth point is displayed for w $ 1 m s 21 . The largest q t1 values tend to occur in the strongest updrafts, while the largest q t2 values tend to occur in the weakest updrafts.
Furthermore, convective updraft cores, at least in supercellular environments, tend to remain undiluted as parcels ascend from the lower to upper troposphere according to observational evidence (e.g., Bluestein et al. 1988; Bunkers et al. 2006; Trapp 2013) . On the contrary, Romps and Kuang (2010) suggested that in the framework of tropical convection, convective cores remain undiluted only up to 4-5 km. While the literature provides little evidence regarding the extent to which squall-line updrafts are diluted in the mid-to upper troposphere, Fig. 9 suggests that the convective line contains relatively small amounts of low-level air in the midlevels. There are two potential reasons for this finding: 1) the convective cores remain undiluted throughout most of the troposphere or 2) the convective cores account for only a small fraction of the convective line, therefore limiting the squall line's ability to detrain low-level air into the midlevels. To further solidify the results presented herein, an additional simulation (for the clean scenario only) is performed with twice the horizontal resolution [i.e., Dx 5 Dy 5 500 m (simulations with even higher resolutions and the explicit binned aerosol treatment are currently prohibited by computing resources)]. All other parameters are identical to the simulations presented previously in this study. Figure 11 shows the same tracer analysis as in Fig. 9 , except for the higher-resolution simulation. Overall, Figs. 9 and 11 are qualitatively very similar. The most important similarity in the context of mixing as a function of grid spacing is that the magnitude of the tracer ratio (i.e., q t 2 /q t 1 ) remains relatively low (i.e., less than 1) in the midlevels; the dominance of the low-level tracer is still confined to the top of the convective cores and the top of the anvil.
Conclusions and discussion
The sensitivity of a numerically simulated squall line to the vertical distribution of aerosols was analyzed using 3D cloud-resolving model (CRM) simulations. To specifically address this sensitivity, four scenarios were simulated: clean (N a 5 100 cm 23 at all vertical levels), polluted low (as in the clean case, but with N a 5 1000 cm 23 below approximately 3 km), polluted mid (as in the clean case, but with N a 5 1000 cm 23 between approximately 3 and 10 km, and polluted (N a 5 1000 cm 23 at all levels). The idealized simulations in this study suggest that low-level aerosol perturbations may have a very small effect on squall-line strength, especially compared with the effects of a midlevel aerosol perturbation. The reason for this finding is that the lowlevel aerosols activate and are subsequently projected through the convective cores and into the anvil or are quickly detrained; not all convective plumes reach the level of free convection [analogous to Houze et al. (1989, their Fig. 1)] . Moreover, midlevel air (and consequently, midlevel aerosol) remains within the mixed-phase region or is advected into the lower anvil, especially away from the center of the anvil. Therefore, a midlevel aerosol perturbation is more likely to have a substantial effect on the mixed-phase processes and change the squall-line strength (.10% increase in convective updraft mass flux) via enhanced riming, larger melted raindrops, and suppressed evaporative cooling in the cold pool. The suppression in evaporative cooling acts to weaken the cold pool (reduced production of negative buoyancy). Following RKW theory for squall lines in which c/Du . 1, the weakened cold pool supports more vigorous updrafts as a result of the better balance between cold pool-induced vorticity and low-level environmental wind shear-induced vorticity. Furthermore, the results of this study regarding midlevel aerosols are generally consistent with the modeling results of Fridlind et al. (2004) in which it was shown that midlevel aerosols were necessary to accurately simulate deep convective storms in the Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida-Area Cirrus Experiment (CRYSTAL-FACE). FIG. 11 . As in Fig. 9 , but for Dx 5 Dy 5 500 m instead of 1 km.
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A caveat of this work is that the results are difficult to generalize to all mesoscale convective systems (MCSs). This should come as no surprise given the drastically different responses predicted by CRMs for aerosol perturbations in different cloud regimes and environmental conditions [see Khain et al.'s (2008) Fig. 17 for a general overview of the different responses]. Moreover, the mesoscale dynamical structure of a squall line is not identical to other MCSs (e.g., supercells). Regardless, the aerosol sensitivity was analyzed in the context of a weak low-level wind shear environment. Both Fan et al. (2009) and Lebo and Morrison (2014) provide a comprehensive analysis of aerosol effects on deep convection in different shear environments, suggesting that a larger effect is found in weak-shear environments with relatively high CAPE. Therefore, it is plausible that the results shown here are largely suppressed in stronger low-level shear environments. Furthermore, one must always keep in mind that the responses shown here to the various aerosol perturbations are quite small in comparison to changing the environmental context (e.g., low-level wind shear, moisture profile, temperature profile, upper-level wind shear, CAPE, and rotating shear) of the convective system.
It was shown that polluting the midlevels has nearly the same effect as polluting the entire model domain. This result raises an important question: do the results presented herein suggest that distant pollution sources are more important than local sources with regard to aerosol effects on squall lines? Locally produced aerosols are likely to remain at low levels because the vertical mixing time scale in the absence of a larger-scale driving mechanism (e.g., deep convection) is relatively long. Moreover, given that midlevel winds tend to be quite strong compared to their low-level counterparts, advection plays a larger factor for the ambient midlevel aerosols, suggesting that distant sources are likely to produce the ambient midlevel aerosols. Addressing this question is beyond the scope of the present study; simulations over a large domain and with an explicit representation of both local and distant emissions are necessary to explicitly address this issue in the future.
